Persistent or chronic pain is tightly associated with various environmental changes and linked to abnormal gene expression within cells processing nociceptive signaling. Epigenetic regulation governs gene expression in response to environmental cues. Recent animal model and clinical studies indicate that epigenetic regulation plays an important role in the development/maintenance of persistent pain and, possibly the transition of acute pain to chronic pain, thus shedding light in a direction for development of new therapeutics for persistent pain.
Introduction
Persistent or chronic pain is a complicated clinic condition that impacts the lives of approximately a quarter of the population [1] [2] [3] [4] [5] [6] [7] . This clinic condition can be developed from acute pain resulting from tissue damage or be associated with numerous human diseases [7] [8] . Similar to varied individual pain sensitivity, there is a large difference in vulnerability of individuals to develop persistent pain [5] [6] [7] [8] [9] [10] . Although the mechanisms underlying this variation remain largely unknown, efforts have been spent to look for genetic mechanisms and gene expression.
It has been well established from clinical and laboratory studies that under persistent pain conditions cells processing pain signaling, i.e., nociceptors in the peripheral nervous system and neurons/glia in the central nervous system, become sensitized in response to various stimuli. This increased sensitivity is accompanied by functional and structural changes (plasticity) [7, [11] [12] [13] [14] . Multiple molecular mechanisms are likely responsible for these changes. Various chemicals/factors and relevant receptor/signal transduction pathways are proposed to become active during persistent pain [15] [16] . Gene-specific and genome-wide association studies (GWAS) further demonstrate that many genes undergo expression changes at mRNA and protein levels in tissues/cells of pain circuitry during the development/maintenance of persistent pain [17] [18] [19] [20] [21] [22] [23] [24] .
Cases of single nucleotide polymorphisms (SNPs) have been found to be risk factors in the development of persistent pain in humans [25] [26] [27] . For example, several missense SNPs in the SCN9A gene increase activity of its protein product voltage-gated sodium Nav1.7 and are associated with primary erythromelalgia, paroxysmal extreme pain disorder and osteoarthritic pain [26] [27] . In addition to the genetic mechanism that determines and regulates gene expression based on genomic DNA sequences, recently, DNA-sequence independent mechanisms in regulating gene expression, namely epigenetic regulation, have been proposed [28] [29] [30] [31] [32] [33] [34] . Primarily, epigenetic mechanisms are involved in gene regulation during early development, in X-chromosome inactivation and in response to various environmental changes. Epigenetic regulation has been found to participate in many physiological and pathological processes, such as neuronal plasticity and cancer, in which various environmental factors are involved and sometimes, however, no cell division occurs [28] [29] [35] [36] [37] . In most of these cases, genetic mechanisms fail to explain the changes. Environmental factors such as stress, tissues damage and disease conditions largely impact the vulnerability of individuals to develop persistent pain clearly via DNA sequenceindependent mechanism(s). This concept is supported by several lines of evidence. Tissue damage or inflammation is a common environmental event seen in many types of persistent pain. For example, we observed that rats experiencing stimulation by the inflammatory irritant carrageenan to the hindpaw at the first postnatal week exhibited more intense responses when challenged by the same irritant at a young adult age (day 60) [38] . Interestingly, mice dams fed with high methyl donor diets during the perinatal period had their male offspring displaying increased mechanical allodynia following skin incision [39] . A number of twin studies have demonstrated the great impact of environmental factors on the development of various pain conditions [40] [41] [42] . For example, a study of 33,794 twins indicated that the genetic impact on neck pain development in monozygotic twins diminished following the age when environmental factors become dominant [40] . Environmental factors were involved in inter-personal differences of pain sensitivity and opioid effects [41] . Drug addiction and smoking were associated with epigenetic changes in the nervous system and were found to impact chronic pain [43] . Female smokers reported more chronic pain conditions than non smokers [44] . Heroin addicts developed hyperalgesia [45] . It should be also noticed that many diseases involved in epigenetic regulation are associated with persistent pain, such as cancer [32, [46] [47] and diabetes [2, 48] . In those diseases, epigenetic factors may indirectly contribute to the development of persistent pain.
The field of study of epigenetic mechanisms underlying pain or persistent pain has been progressing very rapidly in recent years as reviewed by others [10, 13, [49] [50] [51] [52] [53] [54] . Currently three major molecular mechanisms have been proposed for epigenetic regulation, i.e., DNA methylation, chromatin remodeling and non-coding RNA (ncRNA) [33, [55] [56] even though RNA/DNA editing has been proposed as the fourth mechanism [57] . In this review, we'll summarize and comment on studies on persistent pain related to these three major aspects.
DNA methylation
DNA methylation is the prototype of epigenetic regulation and, in mammalian genomes, occurs mostly on carbon 5 of the pyrimidine ring of the cytosine residue followed by guanine residue, namely CpG dinucleotide [58] [59] . In mammalian cells, enzymes to neurological disorders including Rett Syndrome, autism and a number of neurological disorders [60, 62, [92] [93] . Geranton et al. first analyzed mRNA expression profile of spinal dorsal horn genes in an inflammatory ankle joint pain model in rats and linked a number of genes to be potential targets of MeCP2 [21] . These genes include serum-and glucocorticoidinducible kinase and FK 506 binding protein 5. More importantly, they found MeCP2 phosphorylation increased in spinal lamina I projection neurons after peripheral inflammation. They further demonstrated that complete Freund adjuvant (CFA) induced peripheral inflammation increased MeCP2 phosphorylation in the spinal cord in a serotonindependent manner [94] . They assumed that phosphorylation relieved MeCP2-related gene repression. However, to clarify whether MeCP2 works alone or cooperates with methylated CpGs towards proposed genes will be helpful to understand the specificity of such changes. In addition, recently it was reported that active MeCP2 may not only suppress transcription of a set of genes, but also upregulate another set of genes in the nervous system [76] . It is also true for methylated DNA as indicated by recent studies [37] . Very interestingly, examination of CGIs further revealed that MeCP2-upregulated genes were rich in CGIs that, however, were not or lightly methylated, while MeCP2-repressed genes either did not have CGIs or had them heavily methylated [76] . These results indicate that analysis of MeCP2 function should be expanded in both directions of gene expression.
Many genes involved in persistent pain as evidenced by gene-specific and GWAS studies and collected in the Pain Gene Database contain CGI(s), and some of these genes were found to regulate or be regulated by DNA methylation [22] . For example, activation of the CB1 receptor increased total DNA methylation levels in keratinocytes [95] while the OPRM1 promoter of the gene encoding μ-opioid receptor (MOR) was methylated differentially on distinct CpG clusters between undifferentiated and differentiated neural stem cells and in different regions of the brain [96] . Methylation states relevant to pain conditions have been examined by several laboratories from animals to human. Tajerian et al. provided the first evidence that DNA methylation is indirectly correlated to persistent pain in mouse and human intervertebral discs [85] . They studied the transcriptional downregulation of SPARC (secreted protein, acidic, rich in cysteine) in the spinal discs of aging mice. SPARC is an extracellular matrix protein enriched in cysteine and its downregulation is linked to degeneration of intervertebral discs and possibly chronic low back pain. Wild-type mice at age greater than seven months developed cold hypersensitivity while SPARC null mice started showing this hypersensitivity at a much younger age of four months. It was the same when the motor function impairment was developed. All six CpGs identified from the mouse SPARC promoter (−229/+281 relative to TSS) were methylated. Following the age, methylation levels of three distal CpGs increased accompanied by a maximal 50% decrease in SPARC mRNA in the mouse discs. Pharmacological inhibition of DNMT upregulated SPARC mRNA greater than four folds in discs. Reporter gene studies further confirmed that complete methylation of these CpGs suppressed promoter activity. Examination of severely degenerated human discs revealed hypermethylation of 7 out of 12 CpGs found in the human SPARC promoter. Their data suggest that DNA methylation downregulates SPARC expression that is related to degeneration of discs, which may be related to low back pain. Recently, this group went on and examined the global DNA methylation level in different brain regions in mice subjected to the spared nerve injury and experiencing different post-surgical environments [86] . They observed that six months after surgery the global DNA methylation detected by an enzyme-digestion based assay decreased significantly in the prefrontal cortex (PFC) and the amygdala, but not in visual cortex and the thalamus while animals still exhibited mechanical and cold hypersensitivity as well as anxiety. Interestingly, enriched environments helped reduce the abnormal sensory hypersensitivity, and blocked or reversed the reduction of PFC DNA methylation. In comparison, an impoverished condition had no impact. Their findings indicate that to retain the spared nerve injury and maintain the hypersensitivity requires reduction of DNA methylation. It will be very interest to know whether manipulation of PFC DNA methylation is able to alter sensory sensitivity and whether specific gene expression is involved. The authors stated that currently they are searching for the causal relationship of DNA methylation to chronic pain by comprehensive, high throughput analysis of DNA methylation changes and the effect of these changes on individual genes under chronic pain conditions. However, in view of the significant reduction of global DNA methylation from 60% to 48% in PFC [86] , it is difficult to conclude that it is all related to gene expression. Most methylated CpGs in cells are located in repetitive sequences and intergenic regions, while CpGs relevant to transcription in CGIs, CGI shores, and promoters remain mostly unmethylated and thus will not significantly contribute to the large reduction of the global methylation [61, 76] . For example, the human genome contains near a half million LINE-1 elements of repeats that can be differentially methylated under different conditions [97] [98] [99] [100] [101] . More importantly, recent studies indicated that methylation of cytosine residues in CpH (H=A, T, or C) may become dominant in the frontal cortex neurons of humans and mice in adult [102] . Therefore, 5-methylated cytosines (5mCs) may not represent only those in CpG as thought previously. The means applied to measure methylation is critical to differentiate 5mCs in different structures. For examples, methylation accessed by antibody specific to 5mCs cannot distinguish CpG from CpH while CpG-dependent Beadchip or enzymatic digestion can [82] [83] [84] .
In an opposite direction of methylation change, Wang et al. reported a small, but significant, increase in global DNA methylation in the spinal cord of rats 14 days after chronic constriction injury (CCI) of the sciatic nerve [87] . They further demonstrated that daily intrathecal injection of the DNMT inhibitor 5-AZA reduced this increase and also attenuated thermal and mechanic hypersensitivity resulting from CCI. However, since behavior was measured soon after daily injection of the inhibitor, the duration of the inhibitory effect of 5-AZA is unknown. Interestingly, 5-AZA-treated animals retained methylation levels comparable to the sham group, suggesting that either basic methylation is not impacted by the inhibition of DNMT inhibitor used or the sham group also had a change in the level. They further found that MeCP2 was upregulated at both mRNA and protein levels in the spinal cord. Identification of specific gene(s) undergoing methylation changes and their interaction with upregulated MeCP2 in the spinal cord will be very helpful to interpret the behavioral change in this model.
Using inflammatory pain models in mice we observed that intrathecal injection of one dose of another DNMT inhibitor (zebularine) prevented or reduced thermal hyperaglesia before or after injection of CFA into the hindpaw [88] . This reduction exhibited a reverse bell shape dose dependency with the peak effect at 20μg. Again, inhibition of DNMTs did not change the base line of the animal behavior. Taken together with Wang's data, we believe that only de novo DNA methylation is involved in the development and/or early phase of maintenance of persistent pain. Xu and colleagues reported that demethylation of the cystathionine-β-synthetase (CBS) promoter took place in the DRG and was responsible for inflammatory pain induced by CFA [89] . They found that CBS expression at mRNA and protein levels in ipsilateral DRG was upregulated following CFA injection, and that local inhibition of CBS (intraplantar injection) reversed mechanical hyperalgesia. They analyzed methylation states of two CGIs in the CBS promoter and showed that in DRG of naïve animals the CGI upstream of TSS was methylated at a relatively high level comparable to unmethylated DNA revealed by PCR of bisulfite modified DNA. Success of this measure relies on methylated CpGs within designed primer sequences. They also showed that a 210-bp region in the CGI located in intron 1 had less than 10% of CpGs methylated using cloning and sequencing of PCR products of bisulfite modified DNA. Upon CFA treatment, both CGIs reduced methylation approximately by half. However, the contribution of the minor methylation of the intronic CGI to the transcription should be limited in comparison to the robust change of the upstream CGI. More importantly, only one group of clones of the intronic CGI sequences were shown from control and CFA-treated animals and were not the results of direct sequencing of PCR product as described in the report. In addition, all numbers of clones can only represent one biological sample of DNA extracted from mixed heterogeneous cells and were likely produced by one PCR reaction [82] . Multiple groups of clones from sufficient biological repeats should be taken. In the same study, they further discovered that CFA upregulated mRNAs of Gadd45α and MBD4, but did not alter expression of DNMT3a, 3b, MBD2 and TDG in the DRG. It is interesting to know whether DNA methylation is involved in the expression of these upregulated genes since all of them in the rat genome have CGI either near their TSS or within their genes as revealed by UCSC Genome Browser. In another report, the same group studied the same gene in the DRG of rats that developed diabetes [90] . Following chemically induced diabetes, animals developed gastric hypersensitivity and exhibited CBS upregulation in the DRG. Inhibition of CBS attenuated this hypersensitivity. Again, they observed reduction of DNA methylation in the same promoter regions and believed that it was an underlying mechanism of CBS downregulation. Differential DNA methylation in cortical related genes along with histone modification in a visceral pain model was studied and will be discussed in the next section of chromatin remodeling [103] .
Recently, an international collaboration consortium reported their exciting data of human pain studies after performing deep sequencing of antibody precipitated methylated DNA and screened up to 5.2 million loci per person for pain sensitivity related DMR [91] . After comparing data obtained from the blood cell genome of 25 pairs of female monozygotic twins selected for exhibiting distinct heat pain sensitivity on their forearms using one type of pain measure (>2°C within the pair) and 50 unrelated individuals, they found a number of so-called pain DMRs between twins within each pair correlated to their discordant pain sensitivity. Within the top 10 of the pain DMRs in the twin cohort this team claimed to have identified a strong association of hypermethylation of the TRPA1 promoter with low pain threshold. Less correlation was presented for several other pain-related genes including GRIN1, TRPV1 and TRPV3 encoding the components of the NMDA subtype of glutamate receptors and transient receptor potential cation channels in the nervous system. From the unrelated individual cohort, they reexamined DMRs gained from twin studies and uncovered a different group of genes including ANK3 and DCLK1. However, it is hard to connect hypermethylation, that suppresses gene expression in most cases, with low pain threshold, i.e., increase in nociceptive sensitivity, since NMDA receptors and TRP channels are considered facilitators of the nociceptive signal [15, 104] . The downregulation of these genes due to promoter methylation should reduce sensory sensitivity and in turn increase pain threshold. In addition, in this report, all tested individuals or donators showed DNA methylation of these genes in blood cells, skin tissues and two postmortem brains although at different levels. It has been known that expression of TRPA1, TRPV1 and TRPV3 is highly restricted to a subset of nociceptive sensory neurons and spinal neurons, but not in the brain [105] [106] , although some data suggest that TRPA1 and TRPV1 are expressed in keratinocytes at a very low level [107] . The critic question then is whether the uncovered methylation represents the mechanism of tissue specific suppression of these genes in nonneural or non-sensory neuronal tissues occurring biologically and thus irrelevant to pain sensitivity. Furthermore, 25 pairs of twins studied had a median age of 62 years indicating strongly the possible impact of age and accumulated environmental exposure on these genes between twins within the pair. Certainly, whether these promoter regions in primary sensory neurons receive the same impact is a very interesting question and requires further investigation.
In a case-control study, methylome of blood cells were also examined from 10 female patients suffering from fibromyalgia characterized by chronic widespread pain [108] . This study utilized a sophisticated platform of HumanMethylation450 Beadchip that covers 485,764 CpGs from CGI, CGI shore and promoters. Methylome from patients were compared with these obtained from 42 comparable health controls. A total of 69 DMRs were identified and 91% of these were attributable to increased values in fibromyalgia. These DMRs are functionally relevant to genes of BDNF, NAT15, HDAC4, PRKCA, RTN1, and PRKG1, many of which are involved in nociception [15, 22] . However, the same question remains unanswered about how to link DNA methylation of the same gene(s) from circulating cells to neural cells processing nociceptive signal in view of the tissue specificity of DNA methylation.
In addition to the reports above, another group examined DNA methylation of the opioid receptor genes in drug addicts [109] . A SNP in the OPRM1 gene (118A/G, rs1799971) creates a new CpG. This newly formed CpG indeed displayed hypermethylation in postmortem brain of chronic opiate addicts and very likely was responsible for low expression of OPRM1and reduced ligand binding in the thalamus. The same group reported that OPRM1displayed hypermethylation in the blood cells of methadone-substituted former opiate addicts as well as of chronic opioid addicts suffering from chronic pain [101] . One region in the OPRM1promoter CGI was analyzed by pyrosequencing of bisulfite-modified DNA. Not surprisingly, only 1 out of 22 CpGs within this region showed significant increase in opioid-treated addicts. To study mechanism underlying persistent oral cancer pain, Viet and co-workers found massive hypermethylation of the EDNRB gene, encoding endothelin B (ET B ) receptor, from biopsy of oral squamous cell carcinoma tissues that are painful lesion and do not express ET B instead of endothelin A (ET A ) receptor encoded by the EDNRA gene [110] . This hypermethylation was accompanied with EDNRB mRNA at a level approximately 1/10 of normal control. In comparison, oral dysplasia, that is not painful, exhibited significantly less methylation of the EDNRB promoter than cancer cells although mRNA expression was not examined from dysplasia patients. In line with some previous findings of promoter methylation, the EDNRB promoter exhibits differential methylation on individual CpGs in all examined tissues. It has been known that ET B is analgesic [111] , while ET A facilitates nociceptive signals [112] . Both ET A and ET B are receptors for endothelin-1 that is secreted from cancer cells. Data collected from the above studies support the hypothesis that cancer cells directly contribute to the relevant pain [113] , and also strengthen the notion that methylation of a few critical CpGs may be sufficient to regulate transcription.
Studies from animal models and humans discussed above demonstrate that DNA methylation is critical for the development and/or maintenance of hypersensitivity to pain and this mechanism involves both MBD and reversible DNA methylation. Future work should focus on identify genes regulated by DNA methylation in a tissue/cell type specific manner along with dynamic information directly relevant to pain. This direction will ultimately help us to better understand the underlying mechanisms and lead to the development of effective therapeutics. Some general issues should also be considered. First consideration should be given to focus on specific genes or global evaluation of DNA methylation, to which it is really crucial to have specific loci or CpGs revealed. Importantly, it has been already known that methylation of a few critical CpGs in the promoter region is sufficient to suppress the transcription as exemplified by studies of the OPRM1 mutant described above [109] . Functional evaluation of methylated CpGs is important to annotate the event. As a consequence, transcription products should be determined and be gene specific due to the CpG locus. Second, DNMT activity to specific genes should be targeted pharmacologically. Third, blood cells are commonly studied in neurological disorders involving abnormalities of the CNS, which may be misleading. It is particularly true for studies of DNA methylation in view of its tissue specificity and the large heterogeneous cell types in the CNS as differential DMRs across distinct brain regions were already reported [114] .
The methyl group on the pyrimidine ring of cytosine residues can be oxidized to produce 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fmC) and 5-carboxycytosine (5caC) [115] [116] [117] . The presence of 5hmC in the genome was found from brains of rat, mouse or frog in 1972 [115] and drew much attention after the enzymes responsible for its production were identified in 2009 [118] and their enrichment in embryonic stem cells and neural cells was noticed [119] [120] [121] . Because of the chemical nature, most assays of DNA methylation cannot distinguish these oxidized products from 5mC. Only a few chemical analyses, antibodies and combination of modified and native bisulfite DNA sequencing are able to analyze these products [115, [118] [119] [122] [123] [124] [125] [126] . These oxidized mCs are predicted as intermediates of cytosine demethylation and found to interfere with function of some MBDs or display differential affinity to other MBDs and transcription factors, indicating a potential role in epigenetic regulation [117, [127] [128] [129] [130] . Currently, the role of these modified 5mCs in epigenetic regulation of persistent pain remains totally unexplored.
Chromatin remodeling and the histone code
In the nucleus, most genomic DNAs are tightly compacted around the histone core consisting of H2A, H2B, H3 and H4 histones to form nucleosomes that are connected by the linker H1 histone plus linker DNA [131] [132] . This structure maintains stability of the genome and prevents other nuclear proteins from accessing genomic DNA. In a living cell the nucleosome is dynamically remodeled by nuclear proteins coworking with posttranslational modifications (PTMs) of specific residues within the N-terminal tails of histones in the core. Thirteen classes of PTMs have been described, including acetylation, methylation, phosphorylation, and ubiquitination [28, [133] [134] . These modifications alter the structure and function of the histone core and thus are thought as the histone code that is added by relevant enzymes as the code "writer", removed by other enzymes of "eraser" and recognized by a number of nuclear proteins of "reader" [28, 36, [131] [132] 135] .
About 20 of all lysine (K) residues in the histone core, mostly in their N-tails, in euchromatin and facultative heterochromatin can be acetylated by histone acetyltransferase (HAT) resulting in release of tightly coiled DNA [28, [136] [137] [138] . Conversely, acetylated histones can be deacetylated by histone deacetylase (HDAC) thus re-establishing the nucleosomal structure. Therefore, histone acetylation is traditionally thought to activate gene expression while deacetylation is to suppress gene expression [28, 32, 131, 138] . In cells a dynamic balance between HAT and HDAC activity maintains the level of histone acetylation to archive a given pattern of gene expression. HAT activity is often associated with many transcription factors while HDAC has at least four classes encoded by more than 20 genes (Class I, IIa, IIb, IV and III (or Sirt)) and displaying differential and dynamic subcellular localization [138] [139] . Other histone modifications may modify histone core structures, and produce differential effects on gene expression. Both lysine (about 6 in the core) and arginine (over 30) with three sensitive sites on each residue can be methylated [28, 137, 140] . Methylation results in reshaping histone structures so as to interact with nuclear proteins for chromatin remodeling of differential gene expression. For example, trimethylated H3K4 and H3K27 are hallmarks of gene activation and repression, respectively [141] . About dozen serines and threonines, a few tyrosines and even two histines are subjected to phosphorylation and involved in chromatin remodeling [137, [142] [143] . Recognizing the robust and unidirectional effects on chromatin remodeling and gene expression and aided by the availability of many specific inhibitors, the impacts of histone acetylation on various biological events and pathological conditions have been intensely studied. Inspired by the advance of our understanding of other histone modifications, more studies of the effects of methylation and phosphorylation on persistent pain have emerged recently. In general, two groups of opposite results have been reported regarding attenuation of hypersensitivity by increase in histone acetylation resulting from HDAC inhibition or by its reduction produced by HAT inhibition. In table 2, we highlight studies of different persistent pain models with chromatin remodeling and will discuss these below.
Inflammatory pain-HDAC inhibitors (HDACi) are able to attenuate various types of persistent pain associated inflammation [144] [145] . All studies of inflammatory pain indicated that HDACi or increase in histone acetylation in the pain circuitry is analgesic.
Zhang et al. investigated histone modifications and expression of GAD2 encoding GAD65 protein in the nucleus raphe magnus (NRM) of the brain stem from rats inflamed with CFA and suffering from spinal nerve ligation (SNL) [146] . Their data indicated that, while producing hypersensitivity, inflammation or SNL induced a decrease in GABAergic synaptic function due to a reduction of presynaptic GABA release, downregulation of GAD65 mRNA and proteins and global hyperacetylation of H3 and H4 in the NRM. However, inflammation reduced binding of acetylated H3 (acH3) to the GAD2 promoter in two of four regions examined. This reduction occurred only in the late stage, i.e., 3 days after CFA and 21 days after SNL. Importantly, continuous infusion of HDAC inhibitors, TSA or SAHA, into the NRM reversed the CFA-induced changes in wild type mice, but not the hypersensitivity developed in GAD2−/− mice that already had a relatively mild basal hypersensitivity and were able to develop full response to CFA only at 1d, but recovered at 3d. These results demonstrated the participation of epigenetic mechanisms in control of central sensitization for persistent pain although the impact of HDACi on neuropathic pain in the SNL model was not examined. In addition, the detailed molecular mechanism of acH3 interaction with the GAD2 promoter, e.g., whether the putative CRE sites in the examined promoter regions are functional, needs further investigation. Their data exemplified a case in which the global change of histone acetylation may differ or be separated from that associated with a specific gene. Clearly, only the changes on a given gene can functionally regulate transcription.
Using a CFA inflammatory pain model in mouse, we observed that inflammatory thermal hyperalgesia can be prevented or reduced by one dose of intrathecal injection of inhibitors specific to class IIa HDAC [147] . We further found that expression of class II HDACs in the spinal dorsal horn were increased following the peripheral tissue damage induced by CFA. Given the fact that histone acetylation was enhanced in the spinal cord after inhibition of HDACs, we concluded that histone acetylation-related epigenetic regulation participates in the development/maintenance of inflammatory thermal hyperalgesia. However, we did not observe significant global change (expected reduction due to HDAC expression) of histone acetylation in the spinal cord after CFA injection to the hind paw. This may be due to the following possibilities. First, the histone core is formed by an octamer of a pair of H2A, H2B, H3 and H4 [131] [132] . Each single histone contains multiple lysine residues sensitive to acetylation [134] . Like most reported studies, we only examined a few of the lysine residues (H3K9 and H3K18 here), and thus had no full view of all lysine residues under the studied condition. This point should be considered when interpreting published data in the literature. Second, it has been expected that HDACs have gene specificity although it still remains largely unknown [148] [149] . It is reasonable to predict that a particular set of genes are targeted by increased HDAC(s) for a given event [138] . Third, technically, we suppressed a large number of HDAC molecules using the inhibitors and did not have information of the location of HDACs at the subcellular level [139] . Last, we recognize that a large number of non-histone proteins are subject to acetylation and thus are the potential substrates of HDACs even though the specificity of subclass HDACs to individual proteins is unclear. Importantly, many of these proteins are involved in nociceptive signaling revealed by gene targeting studies. Our data mining of 407 genes in the Pain Genes database (Up to Feb, 2014) with 7,755 unique acetylated human and rodent proteins from three databases ASEB, UniProtKB (www.uniprot.org), and Lundby et al. resulted in 73 proteins that were found acetylated either in cultured cells or in tissues of naïve animals [22, [150] [151] [152] . Acetylation may modify functions of some of these proteins. For example, estrogen receptor alpha can be acetylated at several K residues with different effects. Acetylation at K302/K303 represses transcriptional activity while acetylation at K266 and K268 enhances DNA binding and transactivation activity [153] [154] . Therefore, as discussed above, the global change of histone modification is not informative for regulation of specific gene(s). It is important to reveal the interaction of histones with individual promoters using techniques, such as chromatin immunoprecipitation (ChIP), and thus understand the impact of histone modifications on gene expression.
Neuropathic pain-Various neuropathic pain models have been used to study the impact of gene expression regulated by epigenetic mechanisms involving histone modification.
Kiguichi and co-works explored the epigenetic regulation of chemokine cascades in chronic neuroinflammation following nerve injury [155] [156] . First, they showed that the injured sciatic nerve (SCN) in mice after partial sciatic nerve ligation (PSL) exhibited transient 40-and 100-fold upregulation of mRNAs of cytokine CXCL2 (or MIP-2) and its receptor CXCR2, respectively, with a peak at 1 day. Upregulated mRNAs quickly declined to a couple of fold higher than sham 3 days after PSL [155] . They found that neutrophils and macrophages were the most responsive cells in the injured nerve. Perineural injection of antibody to neutralize CXCL2 or of SB225002 to inhibit CXCR2 attenuated thermal hypersensitivity, but had a minor inhibitory effect on mechanical allodynia (tactile). They also found increased binding of H3K9ac to the CXCL2 and CXCR2 promoters during the same time course of mRNA upregulation. They revealed that global signals of H3K9ac increased specifically in neutrophils labeled by LyG6 and macrophages stained by T4/80. Systematic inhibition of HAT with one i.p. its inhibitor anacardic acid (ACA) before the surgery significantly reduced upregulated CXCL2 and CXCR2 mRNAs 1 day after PSL and attenuated hypersensitivity 7 days after PSL. This pretreatment also produced minor, but significant, reduction of H3K9ac binding to the CXCL2 and CXCR2 promoters. Recently, they presented evidence showing epigenetic regulation of another set of cytokines for a relatively long period [156] . They transplanted bone marrow cells isolated from EGFP-Tg mice to the circulation of wild-type mice and confirmed that macrophages from transplants infiltrated into injured SCN 1day after surgery. They found that injured SCN expressed robustly increased mRNAs of CCL2 (> 10 fold vs. sham), CCL3 (>100 fold) and their receptors (CCR2 and CCR1/CCR5, respectively). Increase in CCL2 mRNA peaked 12hr after surgery and declined to the sham level by 7 days while CCL3 peaked at 1 day and remained significantly high through the studied time, 14 days, although it declined to only 1/5 of the peak. In contrast, their receptors' mRNAs increased and stayed high through the time period studied. Pretreatment of animal by i.p. ACA significantly attenuated the upregulation of all mRNAs at 1 days post PSL. They found that injured SCN had increased binding of H3K9ac and H3K4me3, but not H3K9me3, to the CCL2 and CCL3 promoters after PSL. These changes mostly took place in infiltrated macrophages co-localized with their proteins 1 day post PSL. Interestingly, inhibition of HAT also reduced expression of CCR1, 2 and 5. Given their expression in DRG neurons, it is very likely that histone modifications participate in the transcription of these genes in DRG. Apparently, immunohistochemical results represent the global change of modified histones that can be separated from the local changes on individual promoters as Zhang's report indicated [146] .
Another group investigated HAT activity associated with transcription coactivator p300 in CCI-induced neuropathic pain in rats [157] . They observed that p300 expression in the spinal cord was upregulated 14 days after CCI and intrathecally injected p300 shRNAexpressing lentivirus reduced this upregulation as well as attenuated upregulated COX2 mRNA in the spinal cord. More importantly, these reductions were accompanied with attenuation of thermal and mechanic hypersensitivity induced by CCI. Intrathecal administration of HAT inhibitor C646 reproduced the results. They also provided evidence showing that p300 protein co-localized with the COX2 protein in spinal dorsal horn neurons in naive rat. Recently, they further investigated p300/CBP that represents two functionally interchangeable proteins [158] with expression of BDNF in the spinal cord [159] . Treating animals systemically (i.p.) with another HAT inhibitor curcumin 7 days after CCI for consecutive 7 days, they were able to reduce hypersensitivity of neuropathic pain. Both p300 and CBP were colocalized with BDNF or COX2 in the spinal dorsal neurons. It has been known that CCI animals have BDNF and COX2 upregulation in the spinal cord. In line with these facts, nerve injury resulted in increase in binding of p300, CBP, and H3K9ac, but not H4K5ac to the BDNF promoter, and all of these proteins to the COX2 promoter. Curcumin treatment for 7 days blocked these increases that were consistent with changes of relevant mRNAs, but not proteins.
In consistent with the inhibitory effect of HAT inhibitor (HATi) on hypersensitivity in PSL and CCI models above, a study of incisional pain also indicated that mechanical hypersensitivity and its priming in mice after hindpaw skin incision was attenuated by ACA, following daily i.p. for 2 days before and 4 days after the incision [160] . In contrast, administration of SAHA in the same protocol exacerbated mechanical hypersensitivity, but not its priming, although only one high dose (50 mg/kg) was tested. Interestingly, both inhibitors had no impact on thermal hypersensitivity. Incision upregulated acetylated H3K9, cytokine CCL1 and its receptor CXCR-2 in the spinal neurons. However, systemic SAHA treatment induced or further enhanced expression of all of them, while neither incision nor SAHA changed expression of CCL2 that is another ligand of CXCR2. Whether SAHA is able to induce the same upregulation on naive animals was not tested. Binding of acetylated H3K9 to the CCL1 and CXCR2 promoters was largely enhanced in SAHA-treated animals although the impact of the incision on the binding was not evaluated. Interestingly, the effect of ACA on upregulated CXCR2 expression was not examined disregarding that ACA was able to attenuate mechanical hypersensitivity and pharmacological inhibition of CXCR2.
Uchida and co-workers have studied epigenetic regulation of chromatin remodeling in mouse PSL model. Initially, they found that PSL mice in their DRG upregulated mRNA of transcription factor REST (or NRSF) from its promoter II being associated with an increase in acetylated H4 (acH4), but not acH3, to this promoter at least 7 days after nerve injury [161] [162] . Interestingly, results of immunohistochemistry indicated that most upregulated REST were in DRG neurons rather than in non-neuronal cells as found by others previously [163] . They identified that upregulated REST interacted with its cis-element RE-1 (or NRSE) in the promoters of OPRM1, Nav1.8 and Kv4.3 [161] [162] . They showed that the binding was responsible for the downregulation of their mRNAs in the injured DRGs since downregulation of REST by antisense oligonucleotide restored expression of these mRNAs. Interestingly, downregulated mRNAs of TRPA1 and TRPM8 were also restored though no evidence of REST interaction to their promoters was shown. REST was proposed to participate in chromatin remodeling and thus in epigenetic regulation of target genes [163] . All of these changes were found positively correlated to the changes in hypersensitivity of C-fibers, instead of Aβ-and Aδ-fibers. Recently they found that downregulated Nav1.8 mRNA in the injured DRGs was reversed by intraplantar injection of HDACi, VPA or TSA, following one pre-surgery dose and daily dose after surgery for 3 days [164] . This finding suggests that class I and IIa HDAC are involved. At the same time, the channel function in C-fibers instead of Aβ-and Aδ-fibers were recovered partially and maintained as long as daily HDACi was provided. Importantly, injury-induced thermal and mechanical hypersensitivity was attenuated by this local administration of HDACi supporting the analgesic effect of histone acetylation. Application of another strong HDACi, SAHA, resulted in similar effects, and also restored downregulated TRPV1and TRPM8. Very interestingly, they demonstrated that HDACi restored acH3 and acH4 binding to the RE-1-containing regions in the Nav1.8 promoter supporting the interaction between acetylated histones and REST. Taken together with their earlier findings, their data indicate that HDACi administered peripherally was able to reach nociceptors in DRG and further modify histones thus providing a simple approach of drug delivery to treat neuropathic pain. However, how HDACi restores expression of TRPV1 and TRPM8, and whether these channels are critical for C-fiber functions are interesting questions. In contrast to reduced binding to the Nav1.8 promoter, but similar to increased binding to the REST promoter, acH3 and acH4 were found by this lab to increase binding to the 1st BDNF promoter and thus upregulating this gene after nerve injury [165] . Their data enforced the concept that interaction of modified histones to gene specific promoters is a dynamic process and can be separated from the global change of histone acetylation even though the later may affect individual genes.
It is known that neuropathic and inflammatory pains are different. Interestingly, two laboratories showed that class I HDAC, mainly HDAC1, is important for neuropathic pain while Class II in important for inflammatory pain [147, [166] [167] .
Cherng et al. found that an ipsilateral increase in the spinal HDAC1 protein and reduction of acH3 occurred in a reverse time course after spinal nerve ligation (SNL) in rats [166] . Interestingly, these changes took place through the same time span during which animals were developing thermal hypersensitivity. In contrast, tactile allodynia developed quickly 1 day after SNL. Intrathecal injection of Baicalin, a flavonoid-anti-inflammatory compound purified from plant, totally reversed thermal hypersensitivity, but only partially mechanical allodynia. Interestingly, they found that altered HDAC1 and acH3 signals were reversed completely to the basal level, apparently at 2~3 hrs after Baicalin. Co-injected morphine had an additional analgesic effect, but not on HDAC1 and acH3 expression. Based on these results, it seems that the altered HDAC1 and acH3 expression occurred quickly, although it is uncertain whether this is causal to the reduction of sensory hypersensitivity. The quick regulation may involve mechanisms, such as microRNA regulation of protein translational rate.
In comparison, Denk et al. also studied the impact of class I HDAC inhibitors (MS-275 and MGCD0103) on thermal and mechanical hypersensitivity after SNL, PSL and peripheral neuropathic pain induced by d4T (antiretroviral drug) in rats [167] . They continuously provided HDACi to the intrathecal space of animals using an osmotic pump. Their studies indicated that hypersensitivity after nerve injury or drug injection was reversed with pretreatment for at least 5 days before the surgery, while post-treatment was ineffective. The recovery started at day 5~6 for both thermal and mechanical hypersensitivity for the 2 tested doses and continued until the pump dried out 9~12 days after surgery. Their Western analyses revealed that H3K9ac signal in the spinal dorsal horn was higher in HDACi-treated animals than vehicle-treated animals on day 14 after surgery or d4T treatment, and the increase persisted at least 2 days after the pump dried out. In contrast, following this long term and ample HDACi treatment, DRGs did not show any change of H3K9ac. ChIP data showed that this long and ample HDACi treatment resulted in significant binding of H3K9ac to the promoters of HDAC1, MeCP2, Cacna2d1, instead of HDAC2 and HDAC11. Consistent with H3K9ac immunoblot data, these changes were seen only in the spinal dorsal horn. However, the following mRNA microarray analysis did not reveal expected changes of gene expression. Their data demonstrated again that neuropathic pain is a severe event and its epigenetic correction needs a large dose and long-term treatment of HDACi. Using the primer sequences of the HDAC1 ChIP provided, we searched the genome database at Genbank and found this primer pair covers an 82-bp region within the first intron. Future studies should employ inhibitor(s) to other classes of HDACs and further establish the involvement of HDAC1 in neuropathic pain.
Valproic acid (VPA) as an anticonvulsant inhibits other molecular mechanisms in the nervous system in addition to HDAC [168] . Several laboratories have also investigated its impact on persistent pain. Hobo and colleagues fed VPA to rats 3 weeks after SNL and obtained a quick and increasing analgesic effect 2 hrs after one oral dose from 100 to 600 mg/kg [169] . Although this effect did not last long, after 3 consecutive daily treatments twice per day, pain attenuation can be significantly stable overnight at least until next morning before the first daily dose. Ample dose and duration are needed without detectable side effects from animal studies and stable analgesic effects suggest potential application of this drug in the treatment of neuropathic pain. These authors also found that expression of glutamate transporter-1 (GLT-1) and glutamate-aspartate transporter (GLAST) in the spinal dorsal horn were downregulated, which were restored by feeding VPA. Interestingly, both pain hypersensitivity and glutamate transporter expression were partially reversed by VPA. Further pharmacological studies confirmed that VPA's analgesic effect was largely blocked by intrathecal injection of GLT-1 antagonist dihydrokainic acid to rats fed with VPA daily for 10 days, but significantly, enhanced by intrathecal glutamate transporter activator riluzole after 15 daily feeding with VPA. Genetic manipulation with five daily intrathecal siRNA injection to knock down GLT-1 also reduced VPA's effect [170] . In comparison, using HDACi to class I, Denk et al. could not attenuate existing or post-surgery hypersensitivity induced by SNL in rats [50] . Because VPA targets broad HDACs, it is quite possible that VPA acts on another class of HDAC or utilizes other pathways such as GABAergic activity in the brain stem to interfere with pain signals in the late stage or in the development of persistent pain [146, 168] .
Kukkar et al. fed rats with sodium butyrate, a weak HDACi at doses of 100 to 400 mg/kg for 14 days starting right before CCI surgery and found that neuropathic pain hypersensitivity induced by CCI, including cold and mechanical allodynia, thermal hyperalgesia, were dosedependently attenuated. They also revealed that at the end of 14 days of feeding, increased TNFα content in the injured SCN was significantly reduced by this HDACi [171] . Considering the target specificity of sodium butyrate [172] , class I and II HDACs may be involved in CCI-induced neuropathic pain.
The role of class III HDAC, i.e., NAD + -dependent histone deacetylase Sirtuins in the neuropathic pain has been also studied in the CCI model. Yin et al. found that CCI downregulated the spinal Sirt1 and upregulated global acH3 level [173] . Intrathecal administration of resveratrol (Sirt1 activator) partially attenuated thermal and mechanical hypersensitivity and H3 acetylation, and interestingly restored partial Sir1 expression. Maintenance of these changes needed consecutive activation of Sirt1. Clearly thermal hypersensitivity was more sensitive to Sirt1 activation. Interestingly, another lab found that intrathecal application of resveratrol attenuated morphine tolerance (MT) developed in rats after twice daily i.p. for six days [174] . They further found that Sirt 1 expression at mRNA and protein levels in the spinal cord of MT rats was significantly downregulated. Resveratrol treatment for 7 days largely restored Sirt 1 expression in the spinal dorsal neurons. Both studies have observed that resveratrol was able to upregulate Sirt 1 expression even though the underlying mechanism deserves further investigation.
Toxins may damage nerve fibers or neurons and produce neuropathic pain. Tsai et al. evaluated the correlation between spinal histone 3 methylation and the analgesic effect of morphine plus opioid receptor antagonist naloxone on thermal hyperalgesia induced by pertussis toxin (PTX) [175] . First, they were able to generate persistent thermal hyperalgesia in rats by intrathecal delivery of PTX. Then they observed that this hyperalgesia could be attenuated only by intrathecal injection of 15 ng of naloxone, but not by 10 μg morphine. However, consecutive injection of naloxone followed by morphine resulted in a robust analgesic effect comparable to morphine's effect on animals without PTX insult. From a Western analysis, they found that PTX increased spinal levels of H3K4m1, H3K4m2 and H3K9m3 and these increases were reduced only by combined treatment indicating a correlation between reduction of methylation in these histone sites and analgesia.
Imai and co-workers searched the nociceptive signaling flowing from the peripheral to central nervous system [176] . They nicely illustrated that the signal of nociceptive hypersensitivity was carried on by IL-6 from primary afferents to the spinal cord after PSL. By screening responsive genes in the spinal cord via mRNA profiling, they uncovered 20 upregulated mRNAs and on the top was chemokine (C-C motif) ligand 7 (CCL-7, also MCP-3 for protein). They further located CCL-7 expression to activated astrocytes in the spinal cord and found that astrocytes released excessive MCP-3 to act on its receptor CCR-2 on activated microglia. Hypersensitivity was attenuated by interrupting this pathway by intrathecal antibody blocking of released MCP-3 or by antagonist to CCR-2. They further demonstrated that the expression of CCL-7 in astrocytes relied on epigenetic activation of transcription via reducing inhibitory H3K27m3 binding to the CCL-7 promoter rather than increasing binding of acetylated H3, active H3K4m3 or H3K9m3 to the promoter [176] . Their findings also implicate the possible mechanism underlying the transition of acute pain to chronic pain by epigenetic regulation in spinal astrocytes since this histone-involved CCL-7 expression took place 4 weeks after the surgery.
Visceral Pain-The involvement of histone acetylation in visceral pain has been studied in two animal models, endometriosis and colon distention. Gou and colleagues evaluated the therapeutic effect of HDACi on endometriosis in female adult rats induced by autotransplanting pieces of uterus (ENDO) or fat (sham) to the pelvic cavity [177] [178] . They administered VPA orally, daily starting before surgery and continuing for 4 weeks and found that the lesion size and thermal hyperalgesia in ENDO rats were significantly attenuated. They further tested another HDACi TSA via daily subcutaneous injection for 4 weeks and repeated the observation [177] . Their results suggest that VPA more likely acts on a different mechanism in endometriosis because of following two reasons. First, VPA required long-term treatment to be effective. Second, TSA, a more specific and potent HDACi, produced insufficient analgesia.
Recently, Winston et al. explored epigenetic mechanisms underlying pronociceptive gene expression during chronic stress in early life and its impact on irritable bowel syndrome (IBS)-like visceral hypersensitivity occurring in the adult [179] . They generated prenatal chronic stress by applying heterotypic intermittent chronic stress (HeICS) to pregnant rats and found that female offspring developed a stronger and longer lasting visceral hypersensitivity after a 2nd exposure to the same stress as an adult. Upregulated protein levels of BDNF, a pro-nociceptive trophic factor, in the lumbosacral dorsal horn was found to be well correlated with the exacerbation of hypersensitivity in female, but not in male offspring. Blocking the BDNF receptor, TrkB, and knocking down BDNF expression by siRNA via intrathecal injection attenuated this increased visceral hypersensitivity in female offspring. They found that this sexually dimorphic expression of BDNF was supported by an mRNA variant transcribed from the alternative first exon that is governed by the 9th core promoter and this variant is associated with increased binding of RNA Pol II and acH3, and decreased HDAC1 binding. They treated adult female animals daily with the HAT inhibitor curcumin or ACA during the 9-day stress period and confirmed that this neonatal stress associated hypersensitivity, and BDNF upregulation at both protein and mRNA levels were attenuated.
The controversy of distinct histone acetylation effects also was seen from studies of visceral pain. Tran et al. examined the impact of stress on IBS-like visceral pain via epigenetic regulation using their model of repeated water avoidance-stress induced visceral hypersensitivity in rats [103] . They treated animals with HDACi TSA daily via the intracerebroventricular cannula for the whole 7-day course. This treatment significantly attenuated stress-induced visceral hypersensitivity that was quantified by the visceromotor response measure. In separate animals, they examined the expression and the methylation status of the glucocorticoid receptor (GR) and corticotropin releasing-factor (CRF) genes in the amygdala. Their findings indicated that stress increased GR promoter methylation and thus downregulated its mRNA, while CRF underwent totally opposite changes, indicating that DNA methylation is involved. However, whether the change of DNA methylation and relevant gene expression contributes to the visceral pain and how HDACi impacts DNA methylation of these two genes are remaining questions to be answered. Again, their results of CRF methylation exemplify the concept that methylation change in a few CpG is sufficient to impact transcription. Their data showed that only one of nine CpGs in the examined CRF promoter region displayed reduced methylation after the stress and this reduction was concomitant with its mRNA increase.
The potential epigenetic regulation of IBS has been recently examined and proposed by Vaiopoulou et al. [180] .
Other persistent pain conditions-Long-term morphine treatment may result in not only tolerance, but also hypersensitivity. Different from studies reported by He and coworkers who applied steady amounts of morphine for 7 days to produce MT and found that Sirt1 was involved [174] , Liang et al. treated mice with increasing amount of morphine for 4 days and were able to detect mechanical and thermal hypersensitivity in addition to MT [181] . They treated these animals with HAT inhibitor (curcumin) and HDACi (SAHA) in the presence of morphine treatment. Curcumin largely attenuated all sensory hypersensitivity and MT after 4 days treatment. In contrast, SAHA enhanced morphine's effect, and was able to sustain a significant portion of these changes for an additional 4 weeks after termination of morphine. Examination of histone acetylation revealed that H3K9ac instead of H4K16ac in the spinal dorsal horn was enhanced by morphine and that spinal HDAC activity was reduced while HAT activity remained similar to control. For target gene studies, they showed that BDNF mRNA and promoter binding to H3K9ac increased following morphine treatment. Compared to the reduction effect of Sirt1 inhibition, it seems that either different classes of HDAC have opposite effects or at the different stage of morphine tolerance/hypersensitivity HDAC plays an opposite role in nociceptive behavior. Neither study compared all classes of HDAC inhibition on both early and late stages of morphine tolerance/hypersensitivity. Both groups did not examine the status of opioid receptors whose genes indeed are sensitive to DNA methylation [96] .
Liu et al. studied cancer pain by inoculating mammary gland carcinoma cells subcutaneously or into the tibia bone of rats and were able to induce thermal and mechanical hypersensitivity on limb 3 days after the inoculation [182] . They inhibited lysine-specific demethylase 1 (LSD1) systematically by daily i.p. administration of its inhibitor pargyline from day 3 to day 14 after the inoculation and attenuated thermal and mechanical hypersensitivity. They concluded that LSD1 is highly expressed in cancer cells resulting in increases in hypersensitivity. However, since LSD1 also targets histones and systematic inhibition of this enzyme may impact histone modification in all cells involved in the pain circuitry, the contribution of histone methylation to this analgesic effect cannot be excluded.
A number of issues should be considered for most studies of histone acetylation in chromatin remodeling of epigenetic regulation in view of chronic pain studies discussed above and for a general view. First, there are four major histones, i.e., H2A, H2B, H3 and H4, involved in chromatin remodeling. Each has several lysines in and away from the Nterminals, being subjected to acetylation. However, very often, only a few of these lysines were examined or only a few were found to show changes by a given study. The status of other lysines under the condition studied remains unknown. It would be helpful to have full pictures of acetylation statues for a correct understanding of the condition studied. This is true for studies of other PTMs of histones. Second, in some cases, the interaction of acetylated histone(s) with the genomic DNA, very often, the promoters, was investigated. Usually, the short sequences (often < 1kb) surrounding TSS were examined by ChIP. The significance or function of the region(s) showing modified interactions with histones was very often unavailable. Even in cases where the region contains cis-element(s) for transcription factor(s) of interest, the functionality of these elements was not tested and these elements can only be considered putatively involved. It should be noted that a given ciselement may interact with one active transcription factor and upregulate transcription, or may interact with another inhibitory transcription factor and suppress transcription under different conditions [183] [184] . Besides, the sequences flanking the consensus may influence the binding [183] . On the other hand, a given transcription factor may activate one gene, but suppress another gene, likely dependent on local availability of other nuclear factors [185] [186] [187] [188] [189] . Third, it is assumed that acetylated histones will become dissociated from the genomic DNA. Thus, it is reasonable to expect that acetylation will decrease histone binding to the promoter. However, the current view is that increased binding of acetylated histones to the promoter represents a positive correlation although again no functional impact of this change on promoter activity has been examined. Supporting this notion, it has been found that hyperacetylated histones are associated with active promoters while hypoacetylated histones with inactive promoters [190] . However, experimentally it has been observed that inhibition of HDAC resulted in upregulation of one set of genes, but also produced downregulation of another set of genes in the CNS as revealed by mRNA profiling [191] [192] [193] . Last, there is a concern about how the drug delivery route connects epigenetic mechanisms to the alteration of nociceptive hypersensitivity. It has been known that almost every cell in multi-cell organisms has epigenetic mechanisms and that nociceptive signals are generated and processed by multiple organs/systems directly and indirectly. Therefore, it will be unclear how and where the systematically administered drugs act on cellular epigenetic mechanisms and modify nociception.
Non-coding RNA (ncRNA)
Since 90's, many small RNAs that do not encode protein or participate in protein translation such as transfer RNA and ribosomal RNA have been found functional in regulating protein translation, mRNA stability and even transcription rate [33, [194] [195] . In year 2007, an international collaboration consortium, ENCODE, concluded in a dozen publications after initially sophisticated analyses of 1% of the human genome that most human genome (up to 93%) are pervasively transcribed instead of being non-transcribed "junk DNA" [196] [197] . Although the nature of most of these transcripts has not been studied, it is clear that they do not encode proteins and thus belong to ncRNA. Until today many types of long-or short-ncRNAs have been identified [198] . The first group of such small RNAs is microRNA (miRNA) [199] [200] . One important function of ncRNAs is to regulate gene expression at different levels from transcription to translation [33, 199, 201] . In addition, often ncRNA expression is impacted by environmental cues, thus matching the concept of epigenetic regulation of 'independent of genomic DNA sequences', and 'in response to environmental changes' such as inflammation [33, [201] [202] .
miRNAs-Among all ncRNAs, miRNAs have been best studied and also are the most studied ncRNA in persistent pain conditions [203] [204] [205] [206] [207] [208] . Initially, it is believed that only eukaryotes express miRNA, but recent data indicate that prokaryotes may also utilize this mechanism [209] . Eukaryotic genomes encode miRNAs with thousand of genes that are intergenic, intronic or exonic (only from large ncRNA genes) for single or in clusters of products [209] [210] . Transcription of miRNA genes may be controlled by host gene promoters or by their own promoters, individually or in cluster, by RNA polymerase II, or III in some cases, in a tissue or cell specific manner [199] [200] 210] . Pri-miRNAs are the immediate transcripts with the average size of 100~1000 n.t. or larger and undergoes cleavage on the microprocessor complex into shortened stem-loop pre-miRNAs (60~100 n.t.) that are exported out the nucleus and further cleaved into matured and small singlestranded miRNA (16~29 n.t.) mostly on the Dicer oriented complex in the cytoplasm [199] [200] [209] [210] . Only mature miRNAs are the functional molecules acting on the 3' untranslated regions of target mRNAs on the RNA-induced silencing complex and reducing mRNA stability and/or translation rate [202, 209] . It has been known from computer algorithms based on experimental data that one mature miRNA may target more than one hundred mRNAs and, conversely, one given mRNA may contain multiple potential sites for the same and/or different miRNAs [211] . According to the latest V20 release from the Sanger's miRBase the numbers of miRNA genes and mature molecules are 1872/2578, 1186/1908 and 449/728 for human, mouse and rat, respectively [212] . Based on the facts above, to be functional, miRNA and its mRNA target(s) must be co-localized in the same cell. Technically, due to the short sequence of mature miRNA, the method applied to studies is critical for reliable and specific quantification [213] .
Several groups including us have performed initial studies of miRNA in persistent pain conditions. We applied mature miRNA-specific Taqman qRT-PCR and found that expression of several mature miRNAs (miR-10a, -29a, -98, -99a, -124a, -134, and -183) in the mandibular division of the trigeminal ganglion (TG) were downregulated following masseter muscle inflammation induced by CFA, and the downregulation was associated with the development of mechanical allodynia [214] . Since then, expression of miRNAs in tissues processing pain under various persistent pain conditions has been scrutinized by many laboratories. In most cases miRNA downregulation was found from body fluids including CSF of female patients with fibromyalgia [215] and blood or serum of patients with complex regional pain syndrome [216] and osteoarthritis of the knee and hip joints [217] , and tissues of DRG/TG [214, [218] [219] [220] [221] [222] [223] [224] [225] 244] , the spinal cord [220, 224, [226] [227] ], brain regions [228] and keratinocytes [229] in the early stage of persistent pain [214] or at the later stage [218, 228] . Smaller numbers of miRNAs were found to be upregulated in the circulation of complex regional pain syndrome [216] and IBS patients [230] , DRG [221, 231, 244] , and the spinal cord [219, 232] under various persistent pain conditions. Abnormal expression profile of miRNAs was found in DRG of bone cancer pain [233] and osteoarthritis rats [224] , the spinal cord of CCI rats [226, 234] and osteoarthritis rats [224] , hippocampi in CFA and CCI rats [235] , CSF of females with fibromyalgia [215] , or compared with that of mRNAs in hippocampus after CCI [236] . Using in situ hybridization, a number of laboratories have identified neuronal miRNAs in DRG or in the spinal cord [218, 222-223, 225, 231, 237] and glial miRNAs in the spinal cord [227, 232] . We will discuss only those with convincing evidence of miRNA-target relationship or miRNAnociceptive responses, which is also summarized in table 3. The altered expression of miRNAs under pain conditions and potential contribution of several miRNA species to persistent pain due to their involvements in neuronal plasticity and homeostasis as well as regulation of pain genes have been reviewed by others recently [203] [204] [205] [206] [207] [208] .
Using conditional knock-out of Dicer, the critical protein in production of mature miRNA from stem-loop pre-miRNA, in mouse sensory neurons expressing Nav1.8, Zhao et al. observed that animals exhibited a normal nociceptive response but less sensitivity to develop inflammatory pain, thus indicating the importance of maturation of most miRNAs to develop inflammatory hypersensitivity [238] . Meanwhile, DRG cells in Dicer null animals had upregulation of many generally expressed mRNAs while expressed less mRNAs of Nav1.8, P2xr3 and Runx-1. Because a few of the miRNA species may be matured via bypassing Dicer, these miRNAs are expected to play unimportant roles in nociceptive sensitivity [199, 209] .
A number of groups took various approaches to manipulate the level of selected miRNA(s) and modify persistent pain conditions. Sakai et al. found that miR-7a was downregulated in DRG in the late phase of SNL or CCI rats. Restoring expression of miR-7a via locally injected AAV vector to DRG, they were able to reduce thermal and mechanical hypersensitivity and identified a potential target, the β2 subunit of the voltage-gated sodium channel [223] . Interestingly, they failed to alter inflammatory hypersensitivity induced by CFA. In contrast, no difference of miRNA expression profile was observed in the hippocampus between CCI and CFA rats [235] . Again in DRG neurons, Chen et al. found that downregulation of miR-96 was accompanied by an increase in Nav1.3 in DRG of CCI rats [239] . They confirmed this miRNA-target relationship in cultured embryonic DRG neurons by transfecting cells with miR-96 mimic and analyzing Nav1.3 mRNA levels. Importantly, they were able to attenuate CCI-induced hypersensitivity by intrathecal injection of this mimic, demonstrating analgesic effect of manipulating selected miRNA. Ni et al. observed a positive correlation between downregulated miR-134 and upregulated MOR mRNA in DRG of rats receiving CFA injection to their hindpaws [225] . Using transfection of cultured cell lines they further confirmed that MOR mRNA was the target of miR-134 although no hypersensitivity in animals was examined.
Shi et al. found that miR-195 was stably upregulated in the spinal cord since the early stage of SNL in rats [232] . They demonstrated that microglial cells were the responsive cells and blocking miR-195 with an inhibitor increased autophagy activation of microglial cells, producing an analgesic effect while miR-195 mimic enhanced mechanical and cold hypersensitivity induced by peripheral nerve injury. Their findings support the hypothesis that activation of microglia cells in the spinal cord is pronociceptive. In line with this study, another laboratory investigated the analgesic role of miR-124 by maintaining spinal microglia/macrophages in a quiescent state [227] . Their data showed that reduction of miR-124 in microglia isolated from the spinal cord was associated with a transition from acute to chronic hyperalgesia induced by IL-1β in LysM-GRK2+/− mice, in which a switch towards a pro-inflammatory phenotype together with increased pro-inflammatory cytokine occurred. Intrathecal miR-124 completely prevented this transition and was able to reverse the persistent hyperalgesia induced by carrageenan and prevent the development of mechanical allodynia in the spared nerve injury model of chronic neuropathic pain in wildtype mice. This study provided not only supportive evidence of the importance of microglial activation during the transition from acute to chronic pain, but also a potential analgesic approach. The role of neuronal miR-124 was not studied in this report even though spinal neurons express much higher miR-124 than glia and will receive treatment of intrathecal administration of either miR-124 mimic or inhibitor. A recent study of an acute inflammatory pain model of formalin, however, explored the role of miR-124 (or miR-124a) in the spinal neurons [240] . In this study, Kynast and colleagues reported that formalin injection into the dorsal hindpaw of mice led to downregulation of miR-124 in the spinal dorsal horn neurons although in lamina II neurons surrounded by IB4 + fibers following acute hypersensitivity [240] . Intravenous injection of miR-124 antisense (inhibitor) facilitated the formalin's response and increased mRNAs of a number of proinflammatory genes afterwards while miR-124 mimic attenuated formalin-induced acute hypersensitivity and reduced only MeCP2 and BDNF mRNAs in naïve animals. However, whether the expression of miR-124 and these mRNAs mediates formalin's effect on nociception is an unanswered question since pre-injected miR-124 inhibitor or mimic altered formalininduced hypersensitivity before any change of expression can be seen. The issue that miR-124 downregulation occurs in neurons rather than in glial cells seen in neuropathic pain may suggest different mechanisms underlying these pain conditions. In addition, all studies above examined only the mature miR-124 which is produced from precursors transcribed from three different genes [212] . It remains to be clarified how individual miR-124 genes contribute to the change of mature miR-124 in spinal neurons and glia for acute and neuropathic pain, respectively. Also at the spinal level, Favereaux et al. found that miR-103 was downregulated in the spinal dorsal horn of SNL rats and meanwhile expression of Cav1.2-comprising the L-type calcium channel (Cav1.2-LTC) was upregulated [237] . They found evidence that this miR-103 regulated the translation of three different subunits forming Cav1.2-LTC. Intrathecal administration of the miR-103 mimic significantly reduced hypersensitivity induced by SNL.
In diabetic peripheral neuropathy mice, Wang et al. discovered that hyperglycemia downregulated miR-146a, but elevated levels of interleukin-1 receptor-activated kinase and tumor necrosis factor receptorassociated factor 6 in DRG neurons [241] . They provided evidence that treating diabetic peripheral neuropathy with a phosphodiesterase 5 inhibitor reversed these changes and reduced cell death although no nociceptive response was examined from these mice.
Other ncRNAs-Our knowledge of other ncRNAs in addition to miRNAs in nociceptive signaling and persistent pain is negligible except for one report published by Nature Neuroscience last year [242] . In this report, Tao's lab showed convincing evidence that naturally occurring antisense RNA as long ncRNA overlapping mRNA sequences of the voltage-gated K + channel Kcna2 (Kv1.2) was expressed in DRG and its expression was induced in rats after SNL. This antisense RNA was expressed in about 21% of DRG neurons, of which 24% are small, 69% medium, and 7% large cells. In almost all antisense RNA-expressing neurons, there was a very low level of Kcna2. Forced expression of this antisense RNA resulted in reduced total voltage-gated potassium current, increased excitability in DRG neurons and produced neuropathic pain in naive animals. Their studies inform us that long ncRNAs regulate gene expression via epigenetic mechanisms not only in cancer cells, but also in the neural cells processing pain.
Closing remarks
We believe that epigenetic mechanisms actively participate in the development, maintenance and possibly transition of acute to the chronic phase of persistent pain and thus have potential value in translational medicine. There are many questions or challenges remaining to be addressed. For example, what is the overall impact and details within these mechanisms on persistent pain? The balance of sophisticated and dynamic gene expression plays critical roles in maintain cellular homeostasis. From all studies of gene expression involving pain, we believe that the balance between pro-nociceptive genes and antinociceptive genes in cells processing pain determines the pain condition. Various epigenetic mechanisms participate in maintaining this balance. For examples, increased histone acetylation may be analgesic under one chronic pain condition [146] [147] , but could facilitate nociception under another chronic pain condition [160] . HDACi treatment may upregulate one set of genes, but downregulate another set of genes in the CNS [191] [192] [193] . Therefore, the local or gene specific regulation for groups of genes is a more critical issue in understanding epigenetic regulation of nociception. Although we have gained some understanding of miRNA in persistent pain, the mutual multiple relationships between miRNA and mRNA targets is not well understood, which is critical for translation medicine in the future. Four drugs inhibiting DNMT or HDAC have been approved by the U.S. FDA for treatment of cancers [243] . We expect that the future studies of epigenetic mechanisms may produce novel and effective analgesic drugs for human health care.
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